We conducted a cytogenetic study of sexual lines of Boechera stricta and Boechera holboellii (2n ‫؍‬ 14) and seven diploid apomictic accessions of their interspecific hybrid Boechera divaricarpa and B. holboellii (2n ‫؍‬ 14 or 15). By studying chromosome morphology, rDNA repeats, genome painting, male meiosis, pollen morphology, and flow-cytometry seed screens, we revealed an unexpected plethora of chromosome forms, pairing behavior, and hybrid composition in all apomictic lines. Genome painting demonstrated that the apomicts are alloploid with variable numbers of B. stricta and B. holboellii-like chromosomes. We assume that large-scale homeologous chromosome substitutions took place in the apomictic hybrids that resulted from recurrent diploid-polyploid transitions through restitutional meiosis and polyploidy-diploid transitions through reductional meiosis. A second peculiarity was the presence of a largely heterochromatic chromosome (Het) in all apomictic accessions (2n ‫؍‬ 14 and 15) and an additional smaller chromosome (Del) in the aneuploids (2n ‫؍‬ 15). Both chromosomes share repetitive pericentromere repeats with those from the sexual B. stricta, suggesting that they originated from this species. Pairing and behavior at meiosis I of the Het share features with both Y and B chromosomes and suggest that the Del arose from a translocation event or homeologous recombination between a B. holboellii (or related taxon) and a B. stricta chromosome. Based on its presence exclusively in apomictic accessions, we propose that the Het chromosome plays a role in the genetic control of apomixis.
We conducted a cytogenetic study of sexual lines of Boechera stricta and Boechera holboellii (2n ‫؍‬ 14) and seven diploid apomictic accessions of their interspecific hybrid Boechera divaricarpa and B. holboellii (2n ‫؍‬ 14 or 15). By studying chromosome morphology, rDNA repeats, genome painting, male meiosis, pollen morphology, and flow-cytometry seed screens, we revealed an unexpected plethora of chromosome forms, pairing behavior, and hybrid composition in all apomictic lines. Genome painting demonstrated that the apomicts are alloploid with variable numbers of B. stricta and B. holboellii-like chromosomes. We assume that large-scale homeologous chromosome substitutions took place in the apomictic hybrids that resulted from recurrent diploid-polyploid transitions through restitutional meiosis and polyploidy-diploid transitions through reductional meiosis. A second peculiarity was the presence of a largely heterochromatic chromosome (Het) in all apomictic accessions (2n ‫؍‬ 14 and 15) and an additional smaller chromosome (Del) in the aneuploids (2n ‫؍‬ 15). Both chromosomes share repetitive pericentromere repeats with those from the sexual B. stricta, suggesting that they originated from this species. Pairing and behavior at meiosis I of the Het share features with both Y and B chromosomes and suggest that the Del arose from a translocation event or homeologous recombination between a B. holboellii (or related taxon) and a B. stricta chromosome. Based on its presence exclusively in apomictic accessions, we propose that the Het chromosome plays a role in the genetic control of apomixis.
apomixis ͉ chromosome evolution ͉ genome painting ͉ heterochromatic chromosome ͉ homeologous substitution T he genus Boechera (formerly Arabis), Böcher's rock cress, a biennial or perennial genus of the Brassicaceae, is distributed from Alaska through a greater part of North America to Greenland. The genus is monophyletic, has a basic chromosome number of x ϭ 7 (1), and has diploid sexuals, as well as diploid, aneuploid, and polyploid apomictics that reproduce asexually through seeds. Classification of Boechera is mostly based on trichome and silique morphology (2, 3) . The genus comprises 50-80 species whose remarkably high levels of polymorphism are linked with polyploidy, aneuploidy, and interspecific hybridization (4) . This variation, along with its widespread distribution in pristine habitats, diverse modes of reproduction, hybridization, and close relationship to Arabidopsis thaliana, makes Boechera a promising model for studies on speciation, apomixis, taxonomy, evolution, and phylogeography (5) .
The Boechera holboellii complex includes B. holboellii, Boechera stricta (Arabis drummondii), and the hybrid Boechera divaricarpa. The three species have traditionally been delimited based on trichome and silique morphology, with B. divaricarpa having an intermediate phenotype. Morphological and cpDNA studies (3) have demonstrated that B. stricta is monophyletic, whereas elevated chloroplast diversity demonstrates that B.
holboellii is polyphyletic. Its sequence and microsatellite analyses have shown that B. divaricarpa arose through hybridization between sexual B. stricta and B. holboellii or a closely related species (3, 5, 6) . The level of allelic variation is comparable between B. divaricarpa and B. holboellii, and a low number of species-specific alleles suggests that the hybrid originated recently (6) . Multiple evolutionary origins of triploidy in Boechera imply that the apomictic phenotype also has repeatedly been expressed from a diploid sexual background (7, 8) .
Chromosome numbers in apomictic B. holboellii can vary from 2n ϭ 14, 15, 21, 22, 28, 35, up to 42. Most B. stricta accessions are sexual diploids (2n ϭ 14), although a small number of triploid apomicts have been reported (5, 7, 8) . In his study of male and female meiosis of diploid and triploid B. holboellii from Greenland and Alaska, Böcher (9) identified apomeiosis and other meiotic variants, including abnormal pairing and skewed chromosome segregations, phenomena that may imply karyotype heteromorphy. A second intriguing cytogenetic aspect of apomictic Boechera lineages is the geographically widespread occurrence of supernumerary chromosomes (9) , which were later identified as B chromosomes by using flow-cytometric, karyological, and DNA sequence analyses (7, 8, 10) .
We selected a number of diploid sexual and apomictic accessions for detailed karyotype analyses of DAPI-stained chromosome complements in combination with rDNA probe FISH. The same material also was used for studying meiotic pairing and chiasma formation, chromosome segregation, and seed formation by using the flow-cytometric seed screen (FCSS) (11) . Inspired by the karyotype heteromorphy and the lack of chromosome pairing in apomictic B. divaricarpa and some B. holboellii accessions, we applied one-and two-color genomic in situ hybridization (GISH) to study their putative hybrid nature. Although polyploidy is widespread in this complex, we only focused on diploids and aneuploids to simplify chromosome identification and facilitate interpretations of meiotic aberrations. Thus, our data elucidate only part of the potential chromosome diversity of the B. holboellii complex, which encompasses diverse sexual and apomictic taxa of varying ploidy (6) .
Results
The karyotypes of the sexual B. holboellii and B. stricta display metacentric or subtelocentric chromosomes that measure 1.2-3.5 m and 1.5-5.8 m, respectively. They have one nucleolar organizer region pair with overlapping 45S and 5S rDNA and one additional pair with only 5S rDNA (Fig. 1) . In contrast, the karyotypes of the seven apomictic accessions were strikingly dissimilar, and chromosomes could not be matched to form putative homologues (Fig. 1) . Part of this variation was further substantiated by rDNA FISH, which clearly demonstrated repeat-size polymorphism, especially in the aneuploid BH74 apomict. Apomicts also displayed a variable number of chromosomes with brightly fluorescing pericentromere bands, the most notable of which included one with large blocks of heterochromatin, hereafter referred to as Het, and one small (deletion) chromosome, referred to as Del (Fig. 1) . The 2n ϭ 14 apomicts ES9 (B. divaricarpa) and GRL2 (B. holboellii) had only the Het chromosomes, but the heterochromatin block is larger than that of the Het in the 15-chromosome apomicts.
In the sexual accessions, meiosis was regular as expected, with fully paired chromosomes at pachytene and seven bivalents at metaphase I, each containing one to three chiasmata. Heterochromatin differentiation was most obvious at pachytene, resembling the typical Arabidopsis pachytene pattern of heterochromatin only around centromeres and nucleolar organizer regions. Pericentromere heterochromatin of B. stricta was two to three times longer than that of B. holboellii, which is concordant with previously described metaphase length differences and Ϸ8% total genomic DNA size difference between the species (R. Vašut, personal communication) (7, 8) . Pollen was regularly shaped, Ϸ100% viable, and measured 12.3 m on average. Our sample of B. stricta also showed some unreduced pollen. FCSS revealed the expected peaks for 2C (embryo) and 3C (endosperm).
Apomictic Boecheras are facultative, and thus they can produce seed by both apomictic and sexual mechanisms. The production of apomictic versus sexual seed displays quantitative variation between accessions (12). For the purpose of this article, we labeled accessions that produced any proportion of seed apomictically as ''apomictic'' ( Table 1 ). The apomicts display striking variability with respect to chromosome pairing, chiasma formation, and chromo- some transmission in male meiosis. The synaptic apomicts BH1, BH115, BH224, and ES9 had normal pachytene and regular chiasmata. The Het was easily identified at metaphase I as a Y-like, heteropycnotic chromosome associated with one other chromosome ( Fig. 2 b and c) , whereas the Del remained unpaired (Fig. 2a) or associated with two larger chromosomes to form a heteromorphic trivalent (Fig. 2 b and c) . BH115 also displayed a conspicuous quadrivalent (Fig. 2f ) , which we interpret as heterozygosity for a reciprocal translocation.
Pollen in BH1 is comparable to that of the sexual diploid species and was inferred to be haploid resulting from reductional meiosis. Pollen size in ES9, BH74, and BH224 was n-2n in size, reflecting reductional or restitutional meiosis or aneuploidy, whereas Bdi175 was mostly 2n. As is evidenced by the FCSS analysis, female meiosis in BH1 was apomeiotic, whereas male meiosis was normal and reductional (Table 1 ). BH115 and BH224 were partly restitutional and formed first-division restitution gametes. BH74 and Bdi175 (Fig. 2 d and e) displayed severely disturbed pairing at pachytene and mostly univalents at metaphase I. Interestingly, the FCSS of BH74 demonstrated that only the larger (unreduced) pollen led to successful fertilization. The asynaptic meiosis and the hybrid morphology of Bdi175 suggested that at least some members of Boechera can be alloploid, which inspired us to conduct genome-painting experiments.
Using FISH with total genomic DNA from B. stricta as a probe and blocking with B. holboellii genomic DNA, we observed fluorescent foci only on the pericentromere regions of the B. stricta chromosomes. This finding was further confirmed in a two-color genome painting (Fig. 3 a-e) , whose resultant speciesspecific chromosomal fluorescence patterns demonstrate that B. holboellii and B. stricta have undergone dramatic evolutionary changes in their pericentromere-repetitive sequences, and that the number of parental chromosomes can differ in each apomictic accession (Table 1 
Discussion
This study on chromosome morphology, meiosis, and mode of reproduction of diploid (2n ϭ 14) and aneuploid (2n ϭ 15) members of the B. holboellii complex has revealed extensive chromosomal variation in apomictic lines, which is concordant with previous studies on genome plasticity in this genus (4, 7, 9) . Not only have we shown large differences among apomictic karyotypes (Fig. 1), disturbed meiosis (Fig. 2) , variable reproduction, and the presence of aberrant chromosomes (Figs. 1-3 and Table 1 ), the results of our genome painting also show that the apomicts are interspecific hybrids but differ in the numbers of parental chromosomes (Fig. 3 and Table 1 ). The aberrant chromosomes, previously referred to as B chromosomes (8, 10) 
How can one explain the pattern of GISH karyotypes that we have observed in the apomictic accessions studied here? To begin with, it is not surprising that the two sexual B. stricta accessions demonstrate species-specific pericentromererepetitive DNA because this species is monophyletic (6). Similarly, all chromosomes of the sexual B. holboellii line shared a set of B. holbellii-like-specific, pericentromere-repetitive DNA. Furthermore, although the GISH karyotypes of the apomictic accessions suggest a mixture of both B. stricta and B. holboellii chromosomes, it is unclear whether the repeat DNA responsible for the B. holboellii GISH patterns are truly specific to B. holboellii or some other closely related species. For example, it is hypothesized that B. divaricarpa is the hybrid between B. stricta and B. holboellii (3, 6) , although there is growing evidence that B. holboellii is not one of the parents in the hybridization event, as is evidenced by molecular genetics (3, 5, 6) and crossing data (13) . Our results further demonstrate the taxonomical difficulties in delimiting species because of incongruities between phenotype and karyotype, suggesting that traditional taxonomical traits may be controlled by only a few genes of large effect. Regardless, it is clear that the apomictic genomes analyzed here are both hybrid in origin and characterized by Het and Del chromosomes.
The only seven B. stricta and seven B. holboellii-like chromosome apomict is ES9, reflecting a recently formed hybrid between the two parental species. Alternatively, deviations from this 1:1 ratio in the other apomictic accessions, including an excess of either parental chromosome type, point to a complex pattern of hybrid origin and gene flow. A number of diploid Boechera species have apomeiotic potential (13), as is supported by seed and pollen analyses (12) and the few unreduced pollen that we found in the pollen sample of B. stricta. Many of these diploids are sexual, and hence it appears that apomixis per se is not a prerequisite source of unreduced gametes. Laboratory crosses (13) demonstrated that triploidy could be generated in a number of ways, including through crosses between diploids (fusion of unreduced and reduced gametes) or between diploids and tetraploids (fusion of reduced gametes). In addition, diploid B. stricta, B. holboellii, and B. divaricarpa all have the potential to produce unreduced gametes (13) , and it appears that at least some diploid and triploid apomicts can either fertilize or be fertilized by other accessions or both (13) . Finally, in line with De Wet's cycle (14) , it is plausible that tetraploids can parthenogenically form diploid offspring with unusual complements of chromosomes.
There are thus multiple pathways that could explain how a diploid hybrid gives rise to diploid apomictic karyotypes with different numbers of parental chromosomes. Upon the origin of an F 1 diploid hybrid, meiotic chromosome segregation (with or without synapsis) and reduction would lead to gametes characterized by differing numbers of parental homologues (Fig. 4) . Syngamy, with reduced or unreduced gametes from either pure or hybrid individuals, followed by further meioses could thus generate the variation in parental chromosome ratios documented here. Because all apomicts have at least four B. stricta chromosomes, including the two aberrant Het and Del chromosomes, it is conceivable that a specific chromosome combination is more favorable or even essential for the production of viable apomictic offspring. Furthermore, it has been suggested that the relative expression of B. stricta-and B. holboellii-specific alleles may explain how hybrid individuals come to exhibit the diagnostic silique and trichome phenotypes of one of their sexual parents (8) . However, it is unclear why the BH74 apomictic accession exhibited the B. holboellii phenotype regardless of its genome being mostly B. stricta.
It appears that numerous apomictic lineages (i.e., clones) have been generated repeatedly from different sexual ancestors within this complex (7, 8, 10) . The presence of diploid apomictic lineages in the B. holboellii complex additionally shows that polyploidy is not a requirement for apomixis expression. Because apomeiotic egg formation appears to be an evolutionary old trait that can be expressed in sexual members of the genus, we postulate that hybridization and its associated genomic stress (15) (16) (17) (18) (19) could rapidly induce the gene-expression changes required to switch to the apomictic pathway. Mechanisms that can alter gene expression profiles in newly formed allopolyploids include aberrant or novel interactions of diverged transcriptional regulators (18, 20) . It also is clear that hybrid transcriptomes demonstrate a range of gene action changes relative to the parental genomes (21) . The hybrid genomes of different Boechera accessions are expected to have been affected in a similar fashion to give rise to the apomixis switch, although it is unclear how.
We next examined the origin and nature of the aberrant chromosomes. The consistent presence of the aberrant chromosomes in the apomictic clones suggests a key role in controlling the apomixis trait, but recent genetic analysis suggests that the Het chromosome does not carry a dominant apomixis gene (22) . Intriguingly, both hemizygosity and heteromorphism for an apospory-specific genomic region have similarly been identified in Pennisetum squamulatum and Cenchrus ciliaris (23) (24) (25) . The work undertaken here does not shed light on the action of the Het and Del chromosomes with respect to apomixis expression, and thus we focus on the origin and evolution of the elements.
The Het chromosomes are characterized by a large B. stricta repeat block (Fig. 5) , which, together with DNA sequence data (10), suggests that they originated from B. stricta. Metaphase I and genome painting of the BH1, BH115, and BH224 also shows that the Het can form heteromorphic chromosome associations with a B. stricta chromosome, whereas the Del associates through chiasmate bonds with a B. holboellii bivalent, a remarkable difference considering that both chromosomes have a B. stricta-specific repeat. The conspicuous B. stricta repeat region and the heteropycnotic behavior of the Het chromosome suggest large-scale repeat amplification and heterochromatin formation, apparently accompanied with an extension of the unpaired region. The Del chromosome, with its B. stricta pericentromere region and pairing capability with a B. holboellii pair, is likely a translocation chromosome formed from a proximal B. stricta and a distal B. holboellii segment, respectively. Although it is unclear whether the Het and Del chromosomes have a common origin, their structure and meiotic dynamics demonstrate that they are evolving independently of one another. The recent publication of a genetic linkage map for B. stricta, and information about syntenic relationships to Arabidopsis, should provide the opportunity to further study the origin of the Het and Del chromosomes (26) .
The heteromorphic behavior of the Het chromosome strongly suggests failure or impairment of homologous pairing of the ancestral bivalent (Fig. 5) , a widely accepted view on the evolutionary origin of heteromorphic sex chromosomes. This first step could have been initiated by interspecific hybridization, which has been shown to affect species-specific chromosomal modifications and uniparental gene silencing in allopolyploids (16) . Such modifications become constitutive and undergo stable inheritance in subsequent generations, thus leading to permanent change and gradual accumulation of heterochromatin (Fig.  5 ) reflective of Y chromosome evolution (27) .
One of the most intriguing facts about the Het chromosome is its nature and function. The Het shares many characteristics of a group of heterochromatinized elements, including B chromosomes (28) , Y chromosomes (29) , and supernumerary fragments (30) , all of which have highly compacted chromatin typically identified by using various chromosome-staining methods. Many, but not all, studies of such chromosomes have demonstrated high proportions of repetitive DNA, methylated DNA, and modified histones. It also is assumed that such chromosomes have little to no single copy sequences, and that they accumulate deleterious mutations through time (31) .
The distinction between cases of such (partly) degenerated chromosomes for the most part is clear. B chromosomes are parasitic, often with different numbers in individuals of the same population; they do not possess genes essential to the organism; and they never recombine with any of the other chromosomes. Y chromosomes are associated with the X chromosome and are essential for sex determination, but their number and molecular organization differ enormously between plants and animals. Supernumerary fragments, like the apospory-containing region in P. squamulatum (23, 25) , are large hemizygous regions. However, a number of studies have claimed cases of chromosomes having intermediate properties with respect to B and Y chromosomes or supernumerary fragments. In this light, the aberrant chromosomes in Boechera share properties of both B (extra, but not sex-determining) and Y chromosome concepts (pairing and recombination with one other chromosome). Both its putative association with the apomixis phenotype and the heterochromatic nature of the Het chromosome hint at similarities to the supernumerary chromosome fragment of Pennisetum, whereby an absence of meiotic recombination has led to repetitive sequence amplification and heterochromatinization. Heterochromatin initiation and spread are not random, but rather appear to be under the epigenetic control of boundary proteins and small RNAs (32, 33) . The evolutionary pathways that have ultimately led to the various Het and Del chromosome forms seen here thus likely include both directed (e.g., heterochromatinization) and stochastic (e.g., transposition insertions, mutation accumulation, chromatin modifications, and large-scale chromosomal rearrangements) processes, although it is unknown to what extent each has acted in the independently evolving apomictic lineages. ES9 were from M.E.S.; and the apomictic GRL2 came from K. Boutilier (Plant Research International, Wageningen, The Netherlands). All accessions except for GRL2, which was obtained from the Botanical Garden of Copenhagen, Denmark, were collected from natural populations in North America (Table 1) .
Materials and Methods
Chromosome Preparations. Chromosome spread preparations were obtained from actively growing root tips and meiotic cell complements as described (2, 34) . DAPI Staining and Karyotype Analysis. Chromosomes were counterstained with DAPI (4Ј,6-diamidine-2-phenylindole) in VECTASHIELD Mounting Medium (Vector Laboratories, Burlingame, CA) and studied under a fluorescence microscope. We captured well spread cell complements; measured the chromosome arms, heterochromatic regions, and secondary constrictions (nucleolar organizer regions); and optimized contrast with Adobe Photoshop (Adobe Systems, Mountain View, CA).
FISH. For standard FISH, we used probes for 45S (pTA71) and 5S (pTA794) rDNA. DNA was labeled with either biotin-16-dUTP or digoxiginin-11-dUTP by using the nick translation kit (Roche, Mannheim, Germany). FISH followed methods described previously (2, 22, 34) . For genome painting, we used total genomic DNA of the diploid sexual B. holboellii (BH208), B. stricta (BS2), and A. thaliana (Col). Probe DNA was labeled with either digoxiginin-11-dUTP or biotin-16-dUTP by using the nick translation kit (Roche) . The hybridization signals were detected with FITC-conjugated anti-dig antibodies and amplified with FITC-conjugated rabbit anti-sheep antibodies for the digoxigenin-labeled probe, and with Texas red avidin for the biotinlabeled probe, which was amplified with biotinylated anti-avidin and Texas red avidin. For the single-color genome painting, we used 100 ng of the genomic DNA probe and 10 g of blocking DNA (of the other parental genome) in 40 l of hybridization buffer. For the two-color system, the hybridization mixtures contained both B. holboellii and B. stricta probes and blocking DNA (1:100 total genomic DNA) of A. thaliana. The preparations were counterstained and mounted as described previously.
Pollen Staining and Measurements. Pollen was squeezed out in a drop of lactophenol acid, fuchsin-staining solution (2) . Size distribution was compared with pollen of the sexual species with regular meiosis. We used these results as references for comparison with pollen size measurements of the apomictic accessions, considering the mode of male meiosis (in the same inflorescence) and nuclear DNA amounts by flow cytometry of the offspring seeds. For the apomictic accessions, we only measured regular stained pollen.
FCSS. Embryo and endosperm ploidy from dry seeds were analyzed by using a Partec Flow Cytometer PA (Partec, Münster, Germany) following the FCSS technique (11) . DNA content was examined in single-and bulk-seed samples (15) for each accession. Briefly, seeds were crushed on dry fine-grade sandpaper and rinsed in 2 ml of the DAPI staining solution [5 mM MgCl 2 /0.1 M NaCl/2.5 mM sodium citrate/0.1 M Tris/10% Triton X-100/2.2 M DAPI (pH 7.0)]. The suspensions were filtered through a 20-m mesh nylon sieve and incubated in the dark at 4°C for 30 min before flow-cytometric analysis.
